Protein G is a bacterial cell surface protein that is commonly used as a binding agent in affinity chromatography and other methods for the selective adsorption of immunoglobulins and antibodies [1] [2] [3] [4] . This protein is produced by groups C and G streptococci and binds to the F c regions of many types of immunoglobulins, including all subclasses of mouse immunoglobulin G (IgG), rabbit IgG, goat IgG, and human IgG (see Ref. 2 for a most extensive list). Protein G has strong binding to these targets at a neutral or slightly acidic pH (e.g., pH 5-7.5 ) and yet can be made to release any retained immunoglobulins at pH 2.5-3.0 [2] . These properties have made protein G a popular binding agent for the purification of immunoglobulins and as a secondary binding agent that can be used to adsorb antibodies for use in applications such as immunoaffinity chromatography or immunoassays [1] [2] [3] [4] .
Over the last decade there have been several examples in which immobilized protein G has been used in small affinity columns or in affinity capture systems for the adsorption of immunoglobulins [5] [6] [7] [8] . The small size of many of these columns and affinity sorbents ideally requires that a relatively large amount of protein G be present in a small volume for the effective capture of the desired target [8] . However, no previous studies have determined the maximum amount of protein G that can be placed on common porous supports (e.g., HPLC-grade silica) for such work. The purpose of this report was to estimate the maximum amount of protein G that could be immobilized to silica with various pore sizes and to examine the binding of these supports to immunoglobulins, using rabbit IgG as a model.
All of the supports used in this study were HPLC-grade porous silica with an average particle size of 7 μm and nominal pore sizes of 50, 100, 300, 500, 1000 or 4000 Å (see Supplementary Material for details on the experimental methods, reagents and equipment used in this study). According to the manufacturer, these supports had surface areas of 420, 350, 100, 35, 25 and 10 m 2 /g, respectively. Recombinant protein G with the albumin binding domain removed was used as the immobilized binding agent. The protein G was immobilized using the Schiff base method [2] , which has been shown in previous work to give higher activities for protein G and protein A (i.e., a related bacterial cell wall protein) than other amine-based coupling methods [2, 3, 9] . At least a two times excess of protein G was present versus the maximum amount that was later found to be immobilized to any of the materials that were examined in this study. After immobilization, part of each support was washed and dried under vacuum, with the dried support then being measured in triplicate by using a bicinchoninic acid protein assay [10] , with protein G being utilized as the standard and diol silica as the blank.
Figure 1(a) shows the maximum amount of protein G that was immobilized onto silica with various pore sizes and when using the Schiff base method. The highest protein content was obtained for the 100 A support, which contained 1.56 (± 0.04) μmol protein G/g silica or 39 (± 1) mg protein G/g silica (note: the numbers in parentheses represent ± 1 S.D. of the mean). The second highest amount was obtained for the 50 Å support, which gave 33 (± 1) mg protein G/g silica. A decrease in the amount of immobilized protein G per gram of support was seen as the pore size increased to 300 through 4000 Å, with roughly 21-24 mg protein G/g silica being obtained for the 300-1000 Å pore size supports and 9.3 mg/g being measured for 4000 Å pore size silica. It has previously been suggested in work with the immobilization of other proteins and in theoretical calculations of effective diffusivity that the optimum pore size for protein immobilization is roughly 3-5 times the diameter of the protein [11, 12] . Based on a previous crystal structure and hydrodynamic studies [13, 14] , the estimated diameter of recombinant protein G with the albumin binding removed was less than 30-35 Å. This size range agreed with the data shown in Figure 1(a) , which confirmed that a maximum protein content was obtained when using a support with pores that were roughly three times the diameter or protein G (i.e., as noted when using 100 Å pore size silica).
The amount of immobilized protein G was also examined in terms of the quantity that was coupled per unit area for each type of silica. The results are shown in Figure 1(b) , which indicate that there was an increase in amount of immobilized protein G per unit area as the pore size of the support was increased. This effect has been observed in previous studies for other proteins (e.g., IgG and F ab fragments) [12] and is a result of the protein being able to access more surface area on the support as the pores increase in size. The use of a support with a pore size of 300 Å or smaller resulted in a large fraction of the total surface area being inaccessible to protein G, thus resulting in a relatively low surface coverage. Silica with a pore size of 500 Å or larger gave a dramatic increase in surface coverage, with a maximum value of 0.037 (± 0.003) μmol/m 2 or 0.93 (± 0.08) mg/m 2 being measured for 4000 Å pore size silica. This trend fits with previous observations that have been made with other proteins on porous silica [12] .
The binding capacity and activity for each protein G support were examined by placing these materials into affinity columns and conducting frontal analysis. Rabbit IgG was used as the model analyte for this work. The results are summarized in Figure 2 . In Figure 2(a) , the 50 and 100 Å pore size supports gave the largest overall binding capacities for rabbit IgG, with values in the range of 71-77 mg protein per g support (or approximately 32-35 mg/mL for a column packed with these materials). As the pore size of the support was increased to larger values, there was a decrease in binding capacity that followed the general trend noted for the total amount of immobilized protein G in Figure 1(a) . The maximum binding capacities obtained in this study were approximately 1.6 to 1.7-fold higher than values listed for commercial supports that contain protein G immobilized to comparable materials.
The apparent activity of the immobilized protein G in each type of column was found by dividing the measured binding capacity by the total amount of immobilized protein G. These results are given in Figure 2(b) . In this case, all of the supports had similar apparent activities in the range of 30-47%. These values indicated that about one out of every three protein G molecules could bind to rabbit IgG when the support was saturated with this target. Some of this protein G may have lost its activity during immobilization (e.g., see similar work with protein A in Ref. [9] ). Steric hindrance between neighboring protein G molecules in their binding to IgG would also be expected to account for part of the drop in apparent activity below 100%. The similarity of the apparent activities in Figure 2(a) indicates that steric hindrance arising from pore size effects was not an issue for the adsorption of IgG to protein G that had been immobilized to the 50 to 4000 Å porous silica.
Previous work has examined the amount of rabbit IgG that can be covalently immobilized to the same types of supports that were used in this present study [12] . Both general aminebased coupling methods (e.g., the Schiff base and 1,1′-carbonyldiimidazole techniques) and a site-specific immobilization technique (e.g., the coupling of IgG through oxidized carbohydrate chains in its F c region to a dihydrazide-activated support) were studied in this previous report. The results for these various methods were fairly comparable, with contents for rabbit IgG of 212 (± 20) mg/g being obtained for 100 Å pore size silica and 255 (± 12) mg/g being reported for 300 Å pore size silica when using site-selective coupling by the dihydrazide method [12] . A comparison of these values with those in Figure 2(a) indicates that the covalent coupling of immunoglobulins/antibodies to these supports can allow for about a three-fold higher maximum coverage of these agents than when using secondary adsorption of the same agents to immobilized protein G.
In summary, this report investigated the immobilization of protein G to silica supports with regards to the maximum protein content that could be obtained for these materials. These data agreed with previous observations that maximum content for an immobilized protein is generally obtained when using a pore size that is 3-5 times the protein's diameter. The surface coverage of protein G was found to increase with pore size and all supports gave apparent activities in the range of 30-47% for rabbit IgG. Although these binding capacities are lower than those that can be obtained for the covalent immobilization of antibodies, they should still be appropriate for the use of protein G in affinity microcolumns or miniaturized analytical systems [5] [6] [7] [8] . In addition, using protein G as a secondary binding agent can allow adsorbed immunoglobulins/antibodies to be released at a mildly acidic pH for column regeneration, and this binding agent can allow a variety of immunoglobulins/antibodies to be adsorbed to the same support [2] [3] [4] [5] [6] [7] [8] . The ability of protein G to attach to the F c region of immunoglobulins is another attractive feature that can aid in obtaining site-selective attachment and high activity for adsorbed antibodies. These properties should continue to make protein G supports, like those developed in this report, valuable tools in immunoaffinity separations, immunoassays and related bioanalytical applications.
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